The majority of fatalities from poisonous mushroom ingestion are caused by amatoxins. To prevent liver failure or death, it is critical to accurately and rapidly diagnose amatoxin exposure. We have developed a liquid chromatography tandem mass spectrometry method to detect α-, β-, and γ-amanitin in urine to meet this need. Two internal standard candidates were evaluated, including an isotopically labeled 15 N 10 -α-amanitin and a modified amanitin methionine sulfoxide synthetic peptide. Using the 15 N 10 -α-amanitin internal standard, precision and accuracy of α-amanitin in pooled urine was ≤5.49% and between 100 and 106%, respectively, with a reportable range from 1-200 ng/mL. β-and γ-Amanitin were most accurately quantitated in pooled urine using external calibration, resulting in precision ≤17.2% and accuracy between 99 and 105% with calibration ranges from 2.5-200 ng/mL and 1.0-200 ng/mL, respectively. The presented urinary diagnostic test is the first method to use an isotopically labeled α-amanitin with the ability to detect and confirm human exposures to α-, β-, and γ-amanitin.
Introduction
Consumption of poisonous mushrooms is an international concern due to the prevalence of wild mushroom foraging worldwide and the easy misidentification of a poisonous mushroom as an innocuous species. Over 70% of fatalities resulting from mushroom ingestions in the United States were attributed to cyclopeptides, according to the American Association of Poison Control Centers annual reports from 2002 -2015 (Watson et al., 2003 (Watson et al., , 2004 (Watson et al., , 2005 Lai et al., 2006; Bronstein et al., 2007 Bronstein et al., , 2008 Bronstein et al., , 2009 Bronstein et al., , 2010 Bronstein et al., , 2011 Bronstein et al., , 2012 Mowry et al., 2013 Mowry et al., , 2014 Mowry et al., , 2015 Mowry et al., , 2016 . Cyclopeptide hepatotoxins, which include amatoxins, are found in many mushroom species of the genera Amanita, Lepiota, and Gallerina. Amatoxins are comprised of α-amanitin, β-amanitin, γ-amanitin, ε-amanitin, amaninamide, amanin, amanullinic acid, amanullin, and proamanullin, with the most toxic forms being α-, β-, and γ-amanitin (Bakirci et al., 2015) . Amanitins are structurally stable and toxicity is not reduced by routine cooking and freezing. Although α-amanitin is the most prevalent form found in Amanita phalloides, the concentration of each amanitin depends on the mushroom species and growth conditions (Bakirci et al., 2015; Yilmaz et al., 2014) .
Hepatotoxicity of the amanitins is exacerbated by several factors, including rapid toxin uptake into liver cells by the OATP1B3 transport proteins and enterohepatic recirculation (Letschert et al., 2006) . A lethal dose will vary depending on the health of the person exposed, but as little as 0.1 mg/kg body weight of amanitin may cause death to a human adult; a single Amanita phalloides mushroom contains enough amatoxin to be fatal (Faulstich, 1980; Kaya et al., 2015) . Due to a 6-24 h delayed onset of poisoning symptoms, liver damage has already begun by the time exposed patients seek treatment (Santi et al., 2012; Broussard et al., 2001; Jaeger et al., 1993; Mengs et al., 2012) . Because early treatment significantly improves prognosis, patients are often aggressively treated for amatoxin poisoning without confirmation of exposure. Determination of amanitin exposure is challenging because intact mushrooms in meal remnants are few, mushroom experts to identify the mushrooms are limited, and analytical methods to detect amanitins are not readily available. Consequently, a method capable of determining amanitin exposures from a patient sample within a clinically relevant period is needed to address these problems (Santi et al., 2012; Broussard et al., 2001; Jaeger et al., 1993) . Amanitins have been detected intact in urine post exposure at concentrations ranging from 48.0 -4830 ng/mL for α-amanitin and 75.0-7103 ng/mL for β-amanitin (Jaeger et al., 1993; Zhang et al., https://doi.org/10.1016/j.toxicon.2018.07.025 Received 12 April 2018; Received in revised form 16 July 2018; Accepted 24 July 2018 2016). If urine is collected within 72, and potentially up to 96 h following ingestion, the intact toxins can serve as effective biomarkers for amatoxin poisoning (Jaeger et al., 1993; Zhang et al., 2016) . Since the amount of individual amanitins will vary between mushrooms, the detection of all amatoxins in biomedical samples will provide valuable epidemiological information.
Numerous methods have been developed for the quantitation of α-and β-amanitin in human urine, but fewer have been documented for γ-amanitin. Methods previously reported for the detection or quantitation of α-or β-amanitin include enzyme-linked immunosorbent assay, radioimmunoassay, capillary zone electrophoresis, and high pressure liquid chromatography (HPLC) with electrochemical detection (Defendenti et al., 1998; Robinson-Fuentes et al., 2008; Andres et al., 1986; Parant et al., 2006) . Mass spectrometric methods used to quantify these toxins in urine include immunoaffinity extraction with liquid chromatography/mass spectrometry (LC-MS), LC with high-resolution mass spectrometry, ultra-high pressure LC-MS/MS, and UHPLC-ultra high resolution time of flight MS (Zhang et al., 2016; Maurer et al., 2000; Helfer et al., 2014; Gicquel et al., 2014; Leite et al., 2013; Tomkova et al., 2015; Chung et al., 2007) . Detection limits varied for reported methods and ranged from 5 ng/mL to as low as 0.2 ng/mL; however, most methods reported did not include γ-amanitin.
A significant challenge for quantitative LC-MS methods is the enhancement or suppression of the analyte response due to salts and other co-eluting compounds contained in the matrix, known as matrix effects. Sample preparation optimization and chromatographic adjustments can reduce matrix effects, but the most effective solution is to incorporate a representative internal standard, ideally one that is isotopically labeled. Due to the complex, bicyclic amanitin structure, chemical synthesis of an isotopically labeled amanitin for use as an internal standard has been unsuccessful to date. Therefore, the majority of methods developed for the LC-MS quantitation of α-amanitin have explored a variety of surrogate internal standards. These surrogates included colchicine, fluorazepam, and tilmicosin, which although similar in mass, do not closely mimic the amanitin structure (Gicquel et al., 2014; Leite et al., 2013; Li et al., 2017) . To incorporate a more structurally representative internal standard with a bicyclic structure, γ-amanitin was reacted to form a methyl ether and used for quantitation with some success (Maurer et al., 2000) . Although synthesis has not been successful, the growth of mushrooms in a heavy nitrogen environment incorporated ten 15 N atoms into α-amanitin, forming an isotopically labeled version suitable for method development (Luo et al., 2015) .
The study presented is the first to incorporate an isotopically labeled 15 N 10 -α-amanitin as an internal standard to quantify amanitins in urine.
The method developed used an orthogonal approach with reversed phase sample preparation followed by hydrophilic interaction liquid chromatography (HILIC) separation with positive electrospray ionization MS/MS used for detection. Quantitation of α-, β-, and γ-amanitin in urine was assured through the evaluation of multiple individual and pooled urine samples.
Materials and methods

Reagents and supplies
α-, β-, and γ-amanitin (1 mg dried each, ≥90% purity) were purchased from Enzo Biochem, Inc. (Farmingdale, NY).
15 N 10 -labeled α-amanitin was acquired from Michigan State University (East Lansing, MI) (Luo et al., 2015) . Synthetic peptide with the methionine sulfoxide (MetSSP) moiety was purchased from Battelle (Columbus, OH Stock amanitin solutions (1.0 mg/mL) were prepared by dissolving each α-, β-, and γ-amanitin purchased standard (1.0 mg) in 1.0 mL of DI water; subsequent dilutions using these solutions were prepared gravimetrically. Intermediate stock solutions containing α-, β-, and γ-amanitin were prepared in DI water at approximately 5.0, 10, 50, and 100 μg/mL. These solutions were then used to prepare eight calibration standards (1.0, 2.5, 5.0, 10, 25, 50, 100, and 200 ng/mL) and three quality control (QC) samples (7.0, 75, and 150 ng/mL) in pooled human urine. Individual solutions of 15 N 10 -α-amanitin (700 ng/mL) and MetSSP (400 ng/mL) for use as candidate internal standards were prepared in DI water.
Urine samples from unexposed individuals, not representative of the population, were used to prepare fortified samples. Twelve individual urines were spiked at 1.0, 2.0, 2.5, 3.0, 3.5, 4.0 and 46 ng/mL with α-, β, and γ-amanitin.
Sample preparation and solid phase extraction
Calibrators, QCs, one matrix blank, and urine samples (300 μL) were combined with one or both candidate internal standards, 15 N 10 -α-amanitin (50 μL) and MetSSP (30 μL), in a 2 mL Nunc ® plate (Thermo Scientific, Rochester, NY). Each sample was diluted with 300 μL DI water. The plate was covered, briefly centrifuged to consolidate the solution, and mixed with a ThermoMixer C 96-well plate shaker (Eppendorf, Hauppauge, NY) for 10 min at 800 rpm. The entire solution was then transferred to an Oasis ® Hydrophilic-Lipophilic Balance (HLB) solid phase extraction (SPE) plate (30 mg bed, 30 μm particle size) (Waters Corporation, Milford, MA) that was pre-conditioned with 1 mL of 90% acetonitrile followed by 1 mL DI water. After sample loading, the extraction plate was washed with 1 mL DI water then 1 mL of 10% methanol. The analytes were eluted into a new 2 mL Nunc ® plate using 1 mL of 90% acetonitrile. The eluent was dried under nitrogen at 60 L/ min and 70°C using a TurboVap ® 96 (Biotage, LLC, Charlotte, NC), and the dried samples were reconstituted using 50 μL of 90% acetonitrile/ 10% 10 mM ammonium formate (aq) with 0.2% formic acid (v/v). The reconstituted samples were mixed at 1000 rpm for 10 min using the ThermoMixer, then transferred to a 96-well V bottom microplate (Eppendorf, Hauppauge, NY). The microplate was then heat-sealed and placed into the instrument autosampler for analysis.
Chromatography conditions
Chromatographic separation was achieved using a 15 μL injection and a 5.0 min gradient elution on an Acquity BEH HILIC column (2.1 × 50 mm, 1.7 μm) (Waters Corporation, Milford, MA). Column temperature was maintained at 50°C with an Agilent 1290 UHPLC system (Agilent Technologies, Santa Clara, CA). Mobile phase (A) was 75% acetonitrile and 25% 10 mM ammonium formate (aq) with 1% formic acid (v/v), and (B) was 90% acetonitrile and 10% 10 mM ammonium formate (aq) with 0.2% formic acid (v/v). The initial flow rate was 0.5 mL/min with 1% A/99% B until 1.42 min, followed by a flow rate decrease to 0.25 mL/min at 1.43 min; then the mobile phase was adjusted to 99% A/1% B by 1.55 min and held until 2.65 min. The flow rate was returned to 0.5 mL/min at 2.70 min, and the mobile phase returned to 1% A/99% B from 2.70 min until 5.00 min.
N.L. Abbott et al. Toxicon 152 (2018) 71-77 2.5. Mass spectrometry conditions All analytes were detected using a SCIEX 6500 triple quadrupole MS with a TurboIonSpray ionization source operated in positive mode (Foster City, CA). The following conditions were applied to all analyte transitions: entrance potential (EP), 10 V; curtain gas (CUR), 20 psi; collision gas (CAD), 12 psi; ion spray voltage (IS), 4500 V; source temperature (TEM), 500°C; ion source gas 1 (heater gas, GS1), 60 psi; and ion source gas (nebulizer gas, GS2), 20 psi. Analyte transitions and their corresponding declustering potential (DP), collision energy (CE), collision cell exit potential (CXP), and dwell time ( 2.6. Matrix effects and extraction efficiency 2.6.1. Post-column infusion Matrix effects, including ion suppression, were evaluated through post-column infusion of a mixture containing MetSSP, α-, β-, γ-, and 15 N 10 -α-amanitin prepared at 500 ng/mL each in 90% acetonitrile/10% 10 mM ammonium formate (aq) with 0.2% formic acid (v/v). The solution was infused using a syringe pump connected to a T-fitting inserted between the HPLC column and mass spectrometer. The mixture was continuously infused at 14 μL/min into the mobile phase stream, establishing a baseline response for all transitions. Individual unexposed urine samples (n = 10) and pooled urine (2 different pools) were extracted and reconstituted using the sample preparation protocol, omitting internal standard addition. Once re-suspended, the extracted urine samples were injected onto the HPLC-MS/MS while the infusion continued, and the baseline was monitored for any change in signal intensity (Bonfiglio et al., 1999 ).
Matrix effects and extraction efficiency determination
Analyte matrix effects and extraction efficiencies were measured using pooled urine fortified at 50 ng/mL (n = 4) (a) before extraction, (b) post extraction, and (c) after dry down. Internal standard matrix effects were also evaluated for both the 15 N 10 -α-amanitin and the MetSSP internal standard solutions (n = 4) using the same process at 117 ng/mL and 40 ng/mL, respectively. Solvent (mobile phase B) fortifications were prepared (n = 4) at the same concentrations for the analytes (50 ng/mL) and internal standards (117 ng/mL and 40 ng/mL for 15 N 10 -α-amanitin and MetSSP, respectively) (d). Extraction efficiency was calculated by dividing the peak areas of the pre-extraction fortified urine by the post-extraction fortified urine (a/b) x 100. The matrix effects were calculated by dividing the peak areas of the urine fortified after dry down by a fortified solvent (c/d) x 100 (Matuszewski et al., 2003) .
Data processing and calculations
Data processing was completed using both Analyst ® (Version 1.6.2) and MultiQuant™ software packages (Version 3.0.2) from SCIEX. Quantitation of all analytes using linear regression analysis with a 1/x weighting was accomplished using calibrator concentration versus the ratio of calibration standard ion area to internal standard ion area, or the calibrator ion area. All calibration curves met or exceeded established laboratory criteria with an R 2 value > 0.98 and were accepted for use.
The method limits of detection (LOD) were determined by analyzing the four lowest calibrators for α-, β-, and γ-amanitin (1.0, 2.5, 5.0, and 10 ng/mL for α-and γ-amanitin (n = 26), and 2.5, 5.0, 10, and 25 ng/ mL for β-amanitin (n = 26)). The standard deviations of the results were calculated and plotted versus expected concentrations. The extrapolation of this line to the y-intercept yielded s 0 , with the estimated LOD calculated as 3s 0 (Taylor, 1987) .
Method validation
The method was validated by analysis of one matrix blank and two QC samples with each of the 26 replicate calibration curves. To confirm method performance at higher concentrations, an additional QC sample was characterized with ten replicates. A maximum of two curves with QC samples were evaluated per day over three months by two analysts. α-Amanitin was quantitated using 15 N 10 -α-amanitin internal standard while β-and γ-amanitin were quantitated without the correction of internal standard. Accuracy and precision was determined for all analytes using the quantitation ion transition at concentrations of 7.0 ng/ mL (n = 26), 75 ng/mL (n = 26), and 150 ng/mL (n = 10). Specificity was evaluated by the analysis of 90 individual, unexposed urines for potential interfering peaks.
Results and discussion
Method development -analytical conditions
α-Amanitin was initially incorporated into an established urinary natural toxin LC-MS/MS method, using reversed phase SPE followed by separation with a reversed phase polar embedded, C18 HPLC column (Wooten et al., 2014; Johnson et al., 2005 Johnson et al., , 2009 ). Previous attempts to synthesize an isotopically labeled amanitin had been unsuccessful, and in the meantime a methionine sulfoxide synthetic peptide (MetSSP) was synthesized specifically for use as an internal standard (Fig. 1 ). This internal standard was based on a modified α-amanitin structure with a threonine substituted for the 4,5-dihydroxyisoleucine, a tryptophan for the 4-hydroxytryptophan, and a methionine sulfoxide for the cysteine, resulting in a monocyclic structure in lieu of the bicyclic amanitin structure. Both MetSSP and native α-amanitin were detected using negative ion ESI MS/MS.
Method evaluation between multiple instruments and analysts yielded highly variable results, indicating the need for further method optimization. Both supported liquid/liquid extraction (SLE) and normal phase and ion exchange SPE sorbents were evaluated. These approaches were not pursued further, since extraction efficiencies were extremely low (< 30%). Mixed mode and reversed phase SPE sorbents were also assessed. The HLB plates had the most consistent results with the highest extraction efficiency of all sorbents tested.
Chromatographic phases, columns, and conditions were also evaluated. Normal phase and ion exchange chromatography were excluded quickly because of poor retention. Reversed phase chromatography was promising for α-and γ-amanitin; however, β-amanitin did not retain as well as the other compounds. To increase assay sensitivity and decrease matrix effects, orthogonality between sample preparation and chromatographic separation was explored by combining a reversed phase extraction coupled with HILIC chromatographic conditions. An aqueous content of 25% successfully eluted the polar amanitins off the HPLC column, and the addition of a slight gradient further sharpened the β-amanitin peak. The 1.7 μm particle size coupled with 2.1 × 5.0 mm column dimensions resulted in minimal runtime with sufficient retention, while the Ethylene Bridged Hybrid (BEH) phase selected maintained consistent retention times across various column lots throughout this study. The final HILIC chromatography resulted in improved analyte retention, peak shape, and separation of all three amanitins as compared to the initial reversed phase conditions.
In addition to sample preparation and chromatographic N.L. Abbott et al. Toxicon 152 (2018) N 10 -α-amanitin was obtained, it was incorporated for further evaluation (Fig. 1) (Luo et al., 2015) .
All compounds, including the two candidate internal standards, were ionized in positive mode resulting in a higher response as compared with negative mode ionization. For α-, β-, and γ-amanitin, two transitions were optimized and selected based on signal intensity and consistency of response. For each internal standard, a single transition was selected and monitored. The optimized method using HLB-SPE with HILIC chromatography resulted in consistent, resolved separation of α-, β-, and γ-amanitin, MetSSP, and 15 N 10 -α-amanitin from urinary components (Fig. 2) .
Method development -matrix effects and extraction efficiency
Post-column infusion was used to identify potential matrix effects from urine and to facilitate internal standard selection for each analyte. α-, β-, γ-amanitin, 15 N 10 -α-amanitin, and MetSSP were continuously infused into the mass spectrometer during the injection and chromatographic separation of ten individual unexposed, extracted urines. The chromatographic trace was compared between analytes and internal standards (Supplemental Fig. 1 ). The matrix effects were quite variable throughout the run for all compounds, indicating that additional chromatographic adjustments to shift analyte retention may not substantially reduce matrix effects. Despite the presence of matrix effects, the 15 N 10 -α-amanitin chromatographic trace was nearly identical to that of α-amanitin, supporting this as an appropriate internal standard for this analyte. As this experiment only provided preliminary data on performance, a more quantitative evaluation of matrix effects was explored. Matrix effects were significant for all analytes and internal standards, ranging between 21 and 41%, as seen in Table 1 . Although the results were consistent between replicates, the matrix effects were still significant for all compounds tested. Given that a sample without matrix effects would be 100%, these values indicate a significant reduction in signal due to matrix. Because similar matrix effects were noted between α-amanitin and 15 N 10 -α-amanitin (21-25%), and between β-and γ-amanitin and MetSSP (38.1, 37.4, and 41.4, respectively), further investigation of the candidate internal standards was warranted.
The extraction efficiencies for α-, γ-amanitin, 15 N 10 -α-amanitin, and
MetSSP from urine (n = 4) were 90% or greater; however, β-amanitin had a slightly lower extraction efficiency of 71.1% (Table 1) . These extraction efficiencies were reproducible for both the analytes (50 ng/ mL) and the candidate internal standards (100 ng/mL) and were deemed acceptable for this application.
Method development -internal standard evaluation
An initial assessment of accuracy and precision for α-, β-, and γ-amanitin was determined with and without the use of the candidate internal standards. Six calibration curves were analyzed over four days using the pooled urine calibrators and QC samples. Accuracy for all analytes, regardless of internal standard used, was within 96.6-115% (Table 2) .
α-Amanitin using the 15 N 10 -α-amanitin internal standard for quantitation resulted in exceptional precision (< 4%). Moderate precision for β-and γ-amanitin with and without the use of internal standards for quantitation (∼15%) was also noted ( Table 2) . Linearity of β-and γ-amanitin was significantly improved without the use of an internal N.L. Abbott et al. Toxicon 152 (2018) 71-77 standard, as determined by correlation coefficient (R 2 > 0.98). These pooled urine results indicated that 15 N 10 -α-amanitin is a suitable internal standard for α-amanitin, while β-and γ-amanitin had more consistent quantitation without the use of an internal standard.
Method characterization
Based on the results from the internal standard evaluation, the final method that was characterized incorporated the selection of the 15 N 10 -α-amanitin internal standard for α-amanitin, while β-and γ-amanitin were quantitated without an internal standard. Method accuracy and precision were characterized through the analysis of 26 sets of pooled urine calibrators and QC samples over a period of three months. A maximum of two curves with QC samples were evaluated per day over three months by two analysts. Characterization began with two QC samples, a QC Low and QC Medium. Once the calibration range was determined (α-and γ-amanitin = 1-200 ng/mL, β-amanitin = 2.5-200 ng/mL), an additional sample (QC High = 150 ng/mL) was incorporated to have test accuracy throughout the reportable range for the final ten runs.
α-Amanitin was accurately quantitated with an accuracy within 6% of the nominal value and a precision < 6% (Table 3) . The accuracy for β-and γ-amanitin was within 5% of the expected values for the three QC levels (Table 3 ). The inter-day precision was ≤15% for all analytes with the exception of the QC Low for β-amanitin, which was near the detection limit (Table 3) . These results meet or exceed FDA criteria for Bioanalytical Methods, confirming the high reproducibility and accuracy for the detection of amanitins in pooled urine (US FDA, 2018) .
Specificity of the method was evaluated through the preparation of over 90 individual human urine samples with no known exposure to amanitins. No peaks were detected corresponding to α-, β-, or γ-amanitin in any of the urines analyzed, indicating this method has minimal potential for false positives resulting from the matrix.
Sensitivity was assessed using results obtained from the characterization in pooled urine using the four lowest calibrators which resulted in the following calculated LODs: α-amanitin, 0.458 ng/mL; β-amanitin, 0.930 ng/mL; γ-amanitin, 0.169 ng/mL.
Method evaluation
Additional individual urines and urine pools were assessed to evaluate the method for accurate quantitation, using the characterized method (α-amanitin quantitated with the 15 N 10 -α-amanitin internal standard and β-and γ-amanitin without an internal standard). Eleven urine samples, including nine individual urines and two different pooled urines, were fortified with α-, β-, and γ-amanitin at 46 ng/mL, extracted in duplicate, analyzed, and quantified.
The most accurate and precise results were obtained for α-amanitin with an accuracy of 104% and a CV of 4.77% (Fig. 3) . The mean accuracy was within 86.5%-104% for all analytes, with the exception of γ-amanitin with an accuracy of 77.9% (Fig. 3) . The CV of β-and γ-amanitin across all samples ranged from 27.9 -54.1% (Fig. 3) . β-, and γ-Amanitin were also evaluated with the 15 N 10 -α-amanitin and MetSSP for quantitation. When using the 15 N 10 -α-amanitin as an internal standard, the R 2 did not meet the 0.98 criteria for either analyte. Additionally, no improvement in the accuracy and precision of β-, and γ-amanitin was identified using these internal standards when compared with the characterized method (Data not shown). These results support the efficacy of 15 N 10 -α-amanitin to compensate for matrix effects for α-amanitin. However, the biased results for γ-amanitin and significant variability noted for both β-and γ-amanitin indicate matrix effects were still present for these two compounds. Even with sample preparation and orthogonal chromatographic separation, the surrogate internal standards evaluated in this study were unable to compensate for these variable matrix effects. Given the success of 15 N 10 -α-amanitin as an internal standard for α-amanitin, the preparation of isotopically labeled versions of β-and γ-amanitin would likely resolve this issue but are not currently available. Instead of a highly complex chemical synthesis of this bicyclic structure, future isotopically labeled amanitins may be most easily obtained from expression (via mushrooms or yeast) in a special growth medium ( 15 N), as was done to create the 15 N 10 -α-amanitin (Luo et al., 2015) . Until those internal standards are available, this method still meets a critical need to identify exposure to amanitins and provides supportive diagnostic information to address amatoxin poisoning. Table 2 Assessment of precision and accuracy of α-, β-, and γ-amanitin with and without internal standards (MetSSP and 15 N 10 α-amanitin) for QC Low (7.0 ng/mL) and QC Medium (75 ng/mL) in pooled urine (n = 6). N.L. Abbott et al. Toxicon 152 (2018) 71-77 
Conclusions
Typically, amanitin intoxication is identified from a history of wild mushroom ingestion and timing of symptom onset; however, a clinical means to confidently diagnose exposure to α-, β-, and γ-amanitin is needed. Consequently, an LC-MS/MS method was developed and characterized to detect α-, β-and γ-amanitin in urine. This is the first isotopic dilution method developed for amatoxins using 15 N 10 -α-amanitin as an internal standard. The evaluation of multiple urine matrices identified significant matrix effects and supported the need for an effective internal standard, ideally, isotopic dilution, to compensate for these effects. Although an ideal internal standard for the quantitation of β-and γ-amanitin was not identified in this study, the precision and accuracy of these analytes in pooled urine without internal standard was ≤17.2%, and between 99.0 and 106%, respectively. Method performance could be improved once isotopically labeled versions of all analytes were incorporated; however, this method can confirm exposure to α-, β-, and γ-amanitin, providing crucial information for accurate diagnosis and treatment of amanitin toxicity.
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